The Wistar-Kyoto (WKY) rat is a stress-sensitive strain that is prone to depressive-like behavior in various experimental paradigms. While recent work has highlighted a role for dopamine (DA) in the pathology of depression, research on the WKY rat has also suggested that dysfunction of DA pathways may be an important component of the behavior in this strain. Previous work has demonstrated differential patterns of dopamine transporter sites, dopamine D2 and D3 receptors in the WKY rats compared to control strains. To further this work, the present study utilized autoradiographic analysis of [ 3 H]-SCH23390 binding to DA D1 receptors in various brain regions of naïve male WKY and Wistar (WIS) rats. The results revealed a significant strain difference, with WKY rats demonstrating lower D1 binding in the caudate putamen and regions of the nucleus accumbens (p<0.05). An opposite pattern was found in the substantia nigra pars reticulata where D1 binding was higher in WKY rats compared to WIS rats (p<0.05). Because the D1 receptor represents a critical site where DA acts to modify behavior related to depression, the altered expression of this receptor in the WKY rat found in the present study may be reflective of the depressive susceptibility noted in this strain.
Introduction
Dopamine (DA) in the Central Nervous System plays an important role in facilitating psychomotor speed, motivation, reward, and cognition. These behaviors are often disrupted in depression, and despite a traditional focus on serotonin (5-HT) and norepinephrine (NE), evidence from both humans and animals suggests that dysfunction of DA pathways may be a critical component of the neurobiological basis of depression (Dunlop and Nemeroff, 2007) .
With regard to animal research, the Wistar-Kyoto (WKY) rat has been proposed as a putative animal model of depression (Pare, 1989; Malkesman et al., 2006) . When compared to other strains, the WKY rat is more susceptible to despair-like behavior in the Learned Helplessness procedure (LH) and the Forced Swim Test (FST), demonstrates less activity in the Open Field Test (OFT) and is prone to freezing and passive behavior in a variety of other experimental paradigms (Paré, 1993 and 1994a) . Besides evidence of an altered hypothalamic-pituitaryadrenal axis (Redei et al, 1994) and deficient NE transmission (Pardon et al., 2002; TejaniButt et al., 1994) , several lines of evidence suggest dysfunctional DA transmission in the WKY. Similar to the symptom of anhedonia commonly found in depression and attributed to reduced *Corresponding author s.tejani@usip.edu. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
DA function, these rats appear to display reduced interest in pleasurable activities, such as reduced saccharin consumption (Malkesman et al., 2005) , reduced levels of social play (Malkesman et al., 2006) , less investigatory behavior towards female rats (Paré, 2000) , reduced responding for sucrose (De la Garza, 2005) and reduced consumption of food in a novel environment (Paré, 1994b) . While WKY rats are largely unresponsive to 5-HT re-uptake blockade (López-Rubalcava and Lucki, 2000; Griebel et al., 1999) they demonstrate significant increases in performance in tests of emotionality following administration of drugs that block DA/NE re-uptake Pare et al., 2001; Drolet et al., 2002) , highlighting a possible role for DA in WKY behavioral pathology.
Our lab has also demonstrated differences in DA transporter (DAT), DA D2 and D3 receptor binding in the WKY rat compared to control strains, suggesting altered DA transmission (Jiao et al., 2003; Yaroslavsky et al., 2006) . This is supported by a separate group that found reduced DA levels in the pre-frontal cortex (PFC) and increased DA turnover in the nucleus accumbens (NAc) and striatum compared to Wistar (WIS) controls (De la Garza and Mahoney, 2004) .
While the DAT along with D2 and D3 receptors play important roles in regulating DA transmission, the DA D1 receptor may represent a critical site where DA acts to modify behavior related to depression. For example, selective D1 agonists have antidepressant effects in both LH and the FST, while blockade of D1 receptors prevents the antidepressant effect of imipramine as well as other agents (D'Aquila et al., 1994; Gambarana et al., 1995; Takamori et al., 2001 ).
High numbers of D1 receptors are located within Caudate Putamen (CPu), Nucleus Accumbens (NAc), and Substantia Nigra pars reticulata (SNr) with a less dense distribution in the amygaloid regions (Savasta et al., 1986) . Evidence suggests D1 receptors in the CPu, NAc, and SNr facilitate motivated behavior (Norwend et al., 2001; Trevitt et al., 2001) , while those in the amygdala are more involved with learning, memory and fear (Macedo et al., 2007; Guarracci et al., 1999) . Given the potential importance of the D1 receptor in depressive behavior, together with evidence suggesting altered DA transmission in the WKY rat, the present study sought to measure central D1 binding in the CPu, NAc, SNr, and amygdala in WKY and WIS rats using quantitative autoradiographic technique.
Methods

Animals
Male WKY and Wistar rats, 8 months of age were used in this study (n=6 in each strain). WKY rats were obtained from the breeding colony at VA Medical Center (Perry Point, MD) originally from breeding stock from Charles River Laboratories (Kingston, NY). Wistar rats were purchased from Harlan (Indianapolis, IN) and given a two week habituation period to the new environment before use in the experiment. Animals were individually housed at 22°C and placed on a 12-hr light/dark cycle. Food and water were kept available during the whole day.
Brain section preparation
Animals were decapitated between 8:00 and 10:00 a.m. and the brains were removed immediately and stored at −80°C until use. Brain sections (16μm) were cut at −18°C in a cryostat microtome and mounted on gelatin-coated microscope slides. Before storing at −80°C
, all slides were kept overnight at 4°C under vacuum. Sections were cut from Plate 12 (caudate putamen (CPu) and nucleus accumbens (NAc)), Plate 30 (basolateral amygdala (BLA), lateral amygdala (LA), and intercalated nuclei (I)) and Plate 42 (substantia nigra pars reticulata (SNr)) according to the Brain Atlas of Paxinos and Watson (1998) . One slide from each Plate per animal (consisting of two consecutive brain sections) was used for autoradiographic analysis.
D1 receptor binding
D1 receptors were labeled with [ 3 H]-SCH23390 using the procedure described by Savasta et al. (1986) with minor modifications. Specifically, sections were preincubated for 15 minutes in a 7.4 pH buffer solution containing 50mM Tris-HCl, 120mM NaCl, 5mM KCl, and 1mM MgCl 2 at room temperature. The sections were then incubated for 60 minutes at room temperature in a similar buffer solution with the addition of 1.5nM [ 3 H]-SCH23390 (PerkinElmer) and 30nM ketanserin tartrate (Sigma-Aldrich) to block 5-HT 2 receptors. Nonspecific binding was determined with the addition of 1μM (+)-butaclamol (Sigma-Aldrich). The incubation was ended by dipping the slides in ice-cold buffer, followed by two consecutive 10 minute washes in ice-cold buffer and a final dip in cold de-ionized water. The sections were then dried at room temperature and transferred into cassettes and exposed to Kodak BioMax MS film with [ 3 H] standards. The exposure times were 21, 35, and 49 days for plates 12, 42, and 30 respectively.
Quantification and Statistics
The films were analyzed with a computerized brain image analysis system (Brain 3.0) (Gustafson, 1995) . Nonspecific binding was subtracted from the total binding to provide the specific binding in the regions of interest.
Statistical analysis was performed using Sigma Stat for Windows. Data were expressed as mean ± S.E.M specific binding (fmol/mg brain protein). The data in each region of interest were analyzed by a Student's t-test. The level of significance was set a priori at p<0.05.
Results
D1 receptor binding in WKY and WIS rats
Binding of [ 3 H] -SCH23390 to D1 receptor sites in the CPu was lower in WKY rats compared to WIS rats (t(10)=−3.206, p<0.05; Fig. 1) . A similar strain difference was found in both the core (t(10)=−2.287, p<0.05) and shell (t(10)=−2.833, p<0.05) of the NAc, with WKY rats demonstrating lower D1 binding than WIS rats (Fig. 2 ). An opposite pattern was observed in the SNr, in which D1 receptor binding was higher in WKY rats compared to WIS rats (t(8)= −7.593, p<0.05; Fig. 3) . Regions of the amygdala, including the LA, BLA, and I, failed to show significant strain differences (data not shown).
Discussion
The present results demonstrate a significant strain difference in D1 receptor binding between WKY and WIS rats. Specifically, WKY rats showed decreased binding in the CPu and NAc with increased binding in the SNr compared to WIS rats while no differences were found in amygdaloid regions.
D1 Binding in the Nucleus Accumbens and Caudate Putamen
Evidence suggests that the NAc and CPu act as an interface between motivation and motor activation (Mogenson et al., 1980; Sotak et al., 2005) , with DA in these regions invigorating approach responses towards reward or safety (Ikemoto and Panksepp, 1999) . Given our previous findings on the strain differences between WKY and WIS rats in terms of DAT, DA-2, and DA-3 receptors along with the behavioral profile and of the WKY rat, we have hypothesized that WKY rats may have a dopaminergic deficit (Jiao et al., 2003; Yaroslavsky, et al., 2006) . When taken in the context of these previous studies, the decreased D1 binding in WKY rats found in the CPu and NAc might further reflect a potential deficit in post-synaptic DA activity. Activation of post-synaptic D1 receptors in the CPu and NAc is associated with the phosphorylation of DA-and cAMP-regulated phosphoprotein (DARPP-32), which appears to be a key modulator of behaviors related to reward, locomotor activity, and response to 5-HT re-uptake inhibitors (Svenningsson et al., 2004) . Thus, decreased D1 activity may play a role in the noted impairment of motivated behavior in this strain.
The results of the present study are in agreement with other work comparing D1 binding between rat strains of differing behavioral characteristics. The Roman High Avoidance/Roman Low Avoidance (RHA/RLA) rat strains share a similar behavioral dichotomy with the WIS/ WKY strains. Like WKY rats, RLA rats have been proposed as a model for depression (Steimer et al., 2007) , display exaggerated neuroendocrine responses to stress, and demonstrate an overall "passive coping style" with less exploratory behavior and increased freezing on various tests compared to their RHA peers (Steimer and Driscoll, 2003) . Also, like the WKY rats in the present study, RLA rats have lower D1 binding in the NAc shell, which was interpreted to reflect lower post-synaptic dopaminergic function (Guitart-Masip et al., 2003) . A similar result comes from comparing Sprague Dawley (SD) rats with high and low locomotor responses to novelty (Hooks et al., 1994) . The low responders demonstrated lower D1 binding in the NAc, which was again interpreted to reflect lower post-synaptic DA activity.
From the above studies, along with the present results, it is tempting to speculate a relationship between low D1 binding and depressive behavioral characteristics. Further evidence for such a relationship comes from the finding that while acute treatment with a D1 agonist in SD rats prevents escape deficit in the LH procedure, prior chronic treatment with the agonist can actually produce helpless behavior (Gambarana et al., 1995) . The chronic agonist treatment was associated with a significant decrease in D1 binding in the PFC. While this study only measured D1 binding in the PFC, a separate study found lower D1 binding in the CPu and NAc of SD rats that were susceptible to LH versus those that were resistant (Kram et al., 2002) . Thus, it is possible that the lower D1 binding found in WKY rats compared to WIS rats in the NAc and CPu may be related to their differing susceptibilities to LH.
It should be noted, however, that one study found that SD rats have lower D1 binding in the CPu and NAc and demonstrate decreased immobility responses compared to WIS rats (Zamudio et al., 2005) . Decreased D1 binding in the NAc and CPu in the context of decreased immobility would appear to contradict a proposed relationship between low D1 binding and depressive-like behavior. Besides the many other neurochemical factors that contribute to emotional behavior, this result may be due to a possible independence of D1 binding from both DA levels and receptor sensitivity. For example, DA depletion with reserpine for five days fails to alter central D1 binding (Missale et al., 1989) . Furthermore, while chronic antidepressant treatment decreases D1 binding in limbic regions (Klimek and Nielson, 1987) it potentiates the behavioral response to DA agonists ). This phenomenon is likely due to antidepressant induced increases in D1 associated G olf protein levels (Taoka et al., 2006) and andeylate cyclase Vmax . Therefore, while much evidence supports a link between the lower D1 binding in the CPu and NAc of WKY rats found in the present study and their susceptibility to depressive-like behavior, other variables connected to D1 function (such as sensitivity, G-proteins, and basal DA levels) may be involved as well.
D1 Binding in the Amygdala
Previously, we found WKY rats to have lower DAT binding in the lateral, medial, and central amygdala compared to control strains (Jiao et al., 2003) . The current results showed no differences in D1 binding between WKY and WIS rats in any of the regions measured (BLA, LA, I). Interestingly, a post-mortem study utilizing depressed and healthy human subjects also found decreased DAT binding in the amygdala of depressed individuals without any differences in D1 binding (Klimek et al., 2003) . RHA/RLA rats also fail to show any differences in D1 binding in amygdaloid regions (Guitart-Masip et al., 2003) . Therefore, it is possible that D1 binding may not be indicative of differences in DA activity in the amygdala amongst the two strains studied.
D1 Binding in the Substantia Nigra
The SNr contains D1 receptors located on the pre-synaptic terminal axons of neurons originating in the CPu and NAc (Missale et al., 1998) . Similar to post-synaptic D1 receptors in the CPu and NAc, stimulation of these pre-synaptic D1 receptors in the SNr is associated with motivated behavior, as blockade of D1 receptors in both SNr and NAc/CPu induces similar reductions in operant lever pressing and OFT activity (Trevitt et al., 2001) .
With regard to the differences in D1 binding found in the present study, Siemiatkowski et al. (2000) demonstrated a positive correlation between D1 binding in the SNr and locomotor activity in the OFT in WIS rats. Because D1 agonists injected into the SNr have been found to increase motor activity (Trevitt et al., 2002) , it is possible that WIS rats with high D1 binding have higher DA tone which facilitates activity in the OFT. However, in the present study, SNr D1 receptor binding was significantly higher in WKY rats compared to WIS rats, yet WKY rats consistently demonstrate lower OFT activity than WIS rats (Paré, 1994; Tejani-Butt et al., 2003) . In attempting to reconcile these findings, it may be important to consider that WKY rats have lower levels of DAT binding in the SNr compared to WIS rats, which might reflect an adaptation to lower somatodendritically released DA from the DA containing neurons of the pars compacta (Jiao et al., 2003) . If this is the case, higher D1 receptor binding in WKY rats might not represent high DA tone so much as an adaptation to low DA levels in the SN. Alternatively, higher D1 binding the SNr of WKY rats could reflect enhanced DA activity in this area that facilitates increased fear reactivity in the WKY rat rather than OFT activity. For example, it has been found that D1 receptors in the SNr are involved in mediating the startle response (Meloni and Davis, 2004) . As noted in the introduction, WKY rats are prone to freezing behavior and have been shown to demonstrate a higher startle response compared to other strains (Glowa and Hansen, 1994) . Further research will be necessary to determine the role of SNr D1 receptors in the behavior of WKY rats and the functional consequences of the increased binding found in the present results.
Conclusions
Perturbations in DA transmission are likely to contribute to the pathology of depression. The WKY rat is an animal model of depressive behavior with potential dysfunction of DA pathways. The present study contributes to our previous work on the WKY rat, demonstrating significant differences in the binding density of the D1 receptor in various brain regions compared to WIS controls. As previous research has demonstrated a role for the D1 receptor in mediating antidepressant response and susceptibility to LH, elucidating the significance of altered D1 receptor expression in WKY rats deserves further study. The binding of [ 3 H] -SCH23390 to D1 receptor sites in the NAc shell and core of WKY and Wistar rats. Data are expressed as the mean±S.E.M. of measurements from 6 rats from each strain with determinations made in duplicate sections from each brain. * Represents significant differences (Student's t-test, p<0.05) between the two strains. Representative autoradiograms of Plate 12 (A and B) and Plate 42 (B and C) (Paxinos and Watson, 1998) showing total [ 3 H] -SCH23390 binding to DA-1 receptors in a WKY (left) and WIS rat (right).
